Microplasma jet array by Tong, Zikang
	 i	 	
	
	 	
MICROPLASMA	JET	ARRAY	
BY	
	
ZIKANG	TONG	
THESIS	
Submitted	in	partial	fulfillment	of	the	requirements	
for	the	degree	of	Bachelor	of	Science	in	Electrical	and	Computer	Engineering	
in	the	
University	of	Illinois	at	Urbana-Champaign,	2017	
Urbana,	Illinois	
Adviser:	
	
	 Professor	J.	Gary	Eden	
ii	
Abstract	
A	microplasma	jet	array	is	a	device	composed	of	a	two-dimensional	array	of	micro-scaled	gas	channels	
that	ignites	flowing	gas	species	into	plasma-state	jets.	These	devices	operate	at	room	temperature	and	
atmospheric	pressure.	The	potential	application	for	these	devices	is	bacteria	and	biofilm	inactivation	and	
past	 literature	 reports	have	demonstrated	success	 in	doing	 so.	The	device	 implemented	 in	 this	 report	
differentiates	from	previous	experimentation	by	utilizing	a	physical	structure	with	potential	for	plasma	
breakdown	with	ambient	air	as	the	gas	feedstock.	This	differentiation	presents	an	advantage	because	the	
device	can	use	natural	and	abundantly	available	gas	as	its	feedstock.	However,	further	testing	must	be	
performed	to	fully	conclude	this	capability.	
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1.	Introduction	
1.1	Motivation	
Microplasma	is	characterized	as	a	low	temperature,	weakly	ionized	plasma	within	dimensions	on	
the	order	of	less	than	1	mm	[1].	Devices	that	generate	microplasmas	have	been	developed	and	advanced	
in	the	last	20	years,	used	in	areas	such	as	micromachining,	biomedicine,	and	photonics	[2].	The	proposed	
research	topic	 is	 to	develop	a	new	structure	of	 the	microplasma	 jet	array	with	possible	capabilities	 to	
ignite	flowing	air	 into	plasma	species.	The	reason	why	such	devices	are	of	 interest	 is	because	they	are	
environmentally	convenient	by	utilizing	ambient	air	as	the	gas	input,	meaning	they	can	be	used	without	a	
chamber	of	pure	gas.	The	motivation	for	this	project	is	to	use	the	air	jet	array	as	a	novel	treatment	method	
to	 inactivate	 strains	 of	 pathogens,	 specifically	 those	 resistant	 to	 standard	 antibiotics	 or	 treatment	
methods.	
1.2	An	Introduction	to	Plasmas	and	The	Microplasma	Jet	
Plasma	is	often	called	the	fourth	state	of	matter	[3].	As	the	temperature	of	a	gas	is	sufficiently	
increased,	the	gas	molecules	will	decompose	to	atoms,	which	will	further	decompose	into	freely	moving	
electrons	and	ions.	This	state	of	a	sea	of	 ions	and	electrons	is	the	plasma	state	[3].	At	equilibrium,	the	
temperature	of	the	ions	is	equivalent	to	the	temperature	of	the	electrons.	For	a	hard-to-ionize	gas	such	
as	helium	this	temperature	can	be	roughly	20,000	K	[3].	
Plasma,	as	a	general	term,	spans	a	wide	variety	parameters	such	as	electron	density,	temperature,	
and	spatial	confinement.	Microplasma	is	unique	in	that	 it	 is	a	weakly	ionized	cold	temperature	plasma	
confined	in	a	1	µm	to	1	mm	dimensional	range	[4].	Typical	electron	density	for	such	plasmas	is	in	the	range	
of	1014	to	1016	cm-3.	This	property	highlights	a	key	difference	between	the	conventional	plasma,	which	has	
electron	 densities	 less	 than	 1013	 cm-3,	 and	 the	microplasma.	 Higher	 electron	 densities	 lead	 to	 higher	
plasma	frequencies	and	lower	Debye	lengths	of	the	species	[4].	These	key	differences	allow	microplasmas	
to	be	utilized	in	unique	electromagnetic	and	optical	applications,	such	as	microdisplays,	demonstrated	by	
Eden	and	Park	[4],	and	multidimensional	plasma	photonic	crystals,	as	demonstrated	by	Sakai	et	al.	[5].	For	
this	 report,	 the	microplasma	 device	 is	 of	 a	 jet	 structure,	where	 beams	 of	 flowing	 plasma	 species	 are	
emanated	from	microtubes.		
Microplasma	jet	arrays	feature	thin	dielectric	capillary	tubes,	such	as	quartz	tubes,	wrapped	with	
metal	electrodes.	These	devices	ionize	gas	species	governed	by	Paschen’s	law,	which	states	for	a	given	
gas	pressure,	distance	between	anode	and	cathode,	and	gas	species,	there	exists	a	minimum	breakdown	
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voltage	to	ionize	the	gas	between	the	electrodes	into	a	plasma	state.	Figure	1.1	shows	an	example	of	a	
single	 microplasma	 jet	 device	 structure.	 Jet	 array	 devices	 feature	 patterns	 of	 multiple	 jets	 sharing	 a	
common	anode	and	cathode.		
	
	
Figure	1.1:	Single	microplasma	jet	structure	with	helium	as	the	feedstock	gas	and	a	low-frequency	AC	
voltage	applied	across	electrodes	wrapped	around	the	channel	[2].	
	
Figure	 1.2	 presents	 an	 analytical	 model	 of	 Paschen’s	 law	 with	 a	 2D	 graph	 of	 the	 product	 of	
pressure	and	electrode	separation	serving	as	the	independent	value	and	the	minimum	breakdown	voltage	
as	the	dependent	variable.	The	plot	shows	the	breakdown	voltage	trend	for	various	noble	gases.	Paschen’s	
law	is	a	critical	principle	for	microplasma	devices	because	to	excite	the	gaseous	species	 into	plasma,	a	
large	enough	electric	potential,	in	other	words	an	intense	enough	electric	field,	must	be	applied	across	
the	gas	feedstock.	
	
	
Figure	1.2:	Paschen’s	curve	for	inert	gases	[3].	
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1.3	Previous	Results	of	the	Jet	Array	
	 Microplasma	jet	arrays	have	been	demonstrated	in	the	past,	namely	using	helium	to	damage	an	
Escherichia	coli	(E.	coli)	lawn	[6].	In	the	investigation	by	Sun	et	al.,	a	4x4	jet	array	was	used,	with	a	structure	
having	rod	electrodes	spaced	perpendicularly	in	between	the	microchannels.	The	treatment	on	the	E.	coli	
lawn	was	observed	for	up	to	30	seconds.	Based	on	the	spatial	maps	of	the	lawn,	it	is	observed	that	even	
though	the	plasma	jets	contacted	only	certain	point	regions	of	the	map,	there	exists	crosstalk	between	
the	jets	that	allowed	the	treatment	area	to	extend	beyond	the	region	of	contact	as	observed	in	Figure	
1.3(b),	(c),	and	(d).	
	
	
Figure	1.3:	Optical	micrographs	of	E.	coli	samples	before	and	after	treatment	of	the	microplasma	jet	
array;	a)	control;	b)	1	second	of	treatment;	c)	2	seconds	of	treatment;	d)	3	seconds	of	treatment;	e)	5	
seconds	of	treatment	with	image	viewpoint	over	entire	portion	of	surface	defined	by	the	jet	array	[6].		
	 	
	 Furthermore,	Cao	et	al.	demonstrated	the	capabilities	for	3D	surface	treatment	using	an	array	of	
ten	plasma	jets.	Each	of	the	jets	used	in	his	device	is	a	dielectric	glass	tube	surrounded	by	a	copper	tubular	
electrode.	 The	electrodes	 are	 individually	 ballasted	using	 a	 510	 kW	 resistor	 and	 are	used	 to	 treat	 the	
surface	of	a	polyvinyl	chloride	(PVC)	substrate	[7].	The	results	from	this	experiment	highlight	that	the	jet	
array	 have	much	 improved	 spatial	 and	 temporal	 uniformity	 of	 the	 plasma	 jets	when	 treating	 uneven	
surfaces	compared	to	that	of	a	single	 jet.	Figure	1.4(a)	and	Figure	1.4(b)	compare	the	optical	 intensity	
versus	position	 for	 both	 an	 array	of	 jets	 and	a	 single	 jet.	 Figure	1.4(c)	 indicates	 the	 increasing	 spatial	
variation	of	optical	intensity	for	the	single	jet	while	the	array’s	intensity	only	fluctuates	spatially	within	
10%	as	the	surface’s	slope	is	increased	[7].		
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Figure	1.4	Optical	emission	from	a)	each	of	the	ten	jets	in	the	jet	array	and	from	b)	a	scanning	single	jet,	
as	well	as	c)	the	spatial	variation	in	optical	emission	as	a	function	of	the	slope	of	the	PVC	substrate	plate	
for	the	jet	array	represented	by	blue	and	for	the	single	jet	represented	by	red	[7].	
	 	
The	significance	of	Cao	et	al.’s	work	for	this	report	is	that	it	presents	the	effectiveness	of	treating	various	
3D	 structures	 with	 an	 array	 of	 plasma	 jets.	 This	 detail	 highlights	 usefulness	 for	 the	 application	 of	
deactivating	surfaces	contaminated	with	bacteria	and	microorganisms.	 	
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2.	Experimental	Procedure	
2.1	Device	Structure	
Figure	 2.1	 illustrates	 the	 device	 as	 a	 5x5	 array	 of	 plasma	 jets.	 The	device	 has	 a	 sandwich-like	
structure	of	copper	electrode	layers	and	room	temperature	vulcanization	(RTV)	silicone	polymer	layers.	
The	order	of	the	device	layers	is	copper-polymer-copper-polymer-copper	as	shown	in	Figure	2.2.	Every	
copper	and	polymer	layer	has	an	array	of	holes	spaced	evenly	apart	from	each	other	into	which	polyimide	
tubes	are	 inserted.	 Figure	2.3	 also	 shows	an	array	of	holes	of	 larger	diameter	 spaced	 in	between	 the	
polyimide	tubes.	These	larger	holes	are	used	to	align	with	the	crosses	on	the	polymer	spacers,	shown	in	
Figure	 2.4,	 allowing	 uniform	 positioning	 of	 the	 polyimide	 tubes.	 The	 length	 of	 each	 tube	 is	 cut	 to	
approximately	 1	 cm	 after	 insertion	 into	 the	 device	 structure.	 Although	 the	 structure	 indicates	 the	
presence	of	three	electrodes,	the	top	and	middle	electrodes,	as	shown	Figure	2.2,	are	held	at	the	same	
potential.	Thus,	the	device	effectively	has	two	points	of	electrical	contact.	The	device	is	powered	using	an	
AC	source,	hence	the	polarity	of	the	device	is	indistinguishable.	
	
	
Figure	2.1:	Microplasma	jet	array	cross-section.	
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Figure	2.2:	Side-view	of	the	microplasma	jet	array	displaying	the	copper-polymer	sandwich	
structure.	
	
	
Figure	2.3:	Top-view	of	the	microplasma	jet	array;	the	large	holes	in	the	copper	electrodes	
expose	the	cross-shaped	pattern	as	shown	in	Figure	2.4.	
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2.2	Device	Fabrication	
The	fabrication	process	involves	initially	developing	the	RTV	polymer	spacers.	A	3D-printed	mold	
is	used	for	the	development	of	the	spacers.	The	mold	serves	as	a	negative	for	the	spacer.	A	10:1	mixture	
of	 RTV	 silicone	 potting	 compound	 and	 RTV	 curing	 agent	 is	 stirred	 for	 approximately	 5	 minutes.	 The	
mixture	is	then	degassed	at	approximately	10-3	Torr	by	a	roughing	pump	until	all	air	pockets	have	been	
vacuumed	out	of	the	mixture.	The	solution	is	then	poured	on	top	of	the	mold	and	cured	on	a	100-degree	
Celsius	hot	plate	for	approximately	1	hour	until	the	solution	solidifies.	After	curing,	the	polymer	spacers	
are	peeled	off	the	mold.		
	
	
Figure	2.4:	RTV	polymer	space	cross-section.	
	
After	development	of	the	polymer	spacers,	the	sandwich	of	copper	layers	and	polymer	layers	are	
stacked	and	a	5x5	array	of	metal	pins	are	inserted	into	the	holes,	into	which	the	polyimide	tubes	will	later	
be	inserted.	Next,	the	same	10:1	mixture	of	RTV	potting	compound	and	curing	agent	used	in	the	polymer	
spacer	development	step	is	poured	over	the	stack	in	a	boat	tray.	The	boat	tray	containing	the	stack	and	
the	mixture	 is	degassed	 to	 remove	air	pockets,	which	 is	 later	 cured	 for	2	hours	 in	100-degree	Celsius	
temperature.	
After	 the	solution	solidifies,	 the	metal	pins	are	removed	from	the	structure	and	the	polyimide	
tubes	are	cut	and	inserted	into	the	holes	remaining	from	the	insertion	of	the	metal	pins.	The	same	RTV	
mixture	used	in	previous	fabrication	steps	is	poured	around	the	microtubes	to	fill	in	air	gaps	between	the	
polyimide	 tubes	and	 the	walls	of	 the	holes.	 The	device	and	mixture	 is	 vacuumed	 to	allow	air	pockets	
between	the	polyimide	tubes	to	dissipate.	The	mixture	is	again	cured	using	the	100-degree	Celsius	hot	
plate.	
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Once,	the	mixture	is	cured,	excess	RTV	is	cut	off	to	expose	the	copper	electrodes	to	allow	electrical	
connectors	to	be	attached.	A	glass	tube	is	attached	with	the	wall	surrounding	the	array	of	polyimide	tubes.	
Finally,	the	glass	tube	is	bonded	to	the	device	using	Torrseal.	The	tube	will	allow	gas	flow	into	the	array	of	
polyimide	tubes.	
2.3	Experimental	Setup		
	 The	 results	 for	 the	 microplasma	 jet	 device	 includes	 current-voltage	 (IV)	 characteristics	 3and	
optical	emission	spectrum.	The	IV	curve	measures	the	time-based	current	response	of	the	jet	device	when	
an	AC	voltage	of	varying	amplitude	is	applied	across	the	electrodes	of	the	device.	The	AC	voltage	supply	
is	held	at	20	kHz	frequency	to	set	the	plasma	jets’	critical	activation	frequency.	The	IV	response	is	recorded	
using	 a	 Keysight	 DSO5054	Oscilloscope.	 The	 optical	 emission	 spectrum	was	 recorded	 using	 an	Ocean	
Optics	 USB4000	 spectrometer	 to	 measure	 relative	 spectral	 intensity	 of	 across	 the	 200-1100	 nm	
wavelength	of	the	plasma	jets.	Figure	2.5	displays	a	block	diagram	of	the	experiment	setup.	
	
	
Figure	2.5:	Experimental	setup	block	diagram.	
	
Results	collected	from	this	setup	are	highlighted	in	Chapter	3.	
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3.	Description	of	Research	Results	
3.1	Current-Voltage	Characteristics	
	The	electrical	characteristics	of	the	microplasma	jet	device	is	shown	in	Figure	3.1.	The	response	
is	represented	by	a	5x5	jet	array	is	fed	with	helium	at	12.5	slm.	Electrical	and	power	loading	properties	of	
the	device	are	described	by	the	time	varying	sinusoidal	voltage	applied	across	the	copper	electrodes	as	
well	as	the	device’s	current	response.	The	measurement	is	recorded	using	the	Keysight	Oscilloscope	and	
the	time-span	for	the	waveform	is	set	to	100	μs.	The	peak-to-peak	voltage	is	varied	using	1.7	kV,	2.0	kV,	
2.5	 kV,	 3.0	 kV,	 and	 3.5	 kV.	 	 The	 current	waveform	 is	 described	 by	 a	 triangular	 displacement	 current	
superimposed	 with	 instantaneous	 voltage	 spikes.	 The	 displacement	 current	 is	 a	 result	 from	 power	
dissipation	of	the	device	structure	and	the	current	peaks,	occurring	every	periodic	half-cycle,	represent	
power	dissipated	for	plasma	excitation.	
		
	
Figure	3.1:	Time-varying	current-voltage	waveforms	of	a	5x5	microplasma	jet	array.	
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3.2	Optical	Emission	Spectrum	
	 Figure	3.2	and	Figure	3.3	show	the	relative	intensity	of	optical	emission	across	the	300	to	1000	
nm	spectrum	in	the	microtubes	of	the	plasma	jet	array.		
	
	
Figure	3.2:	Optical	emission	spectrum	of	the	microplasma	jet	array	with	helium	as	the	gas	feedstock.	
	
Figure	3.2	highlights	the	high	energy	to	low	energy	state	transitions	present	in	the	jets.	When	an	
electron	in	the	plasma	species	transitions	from	a	high	to	low	energy	state,	a	photon	is	emitted,	and	the	
Ocean	Optics	spectrometer	detects	the	intensity	for	photons	of	each	wavelength	in	the	spectral	range.		
Since	electrons	have	limited	possible	state	transitions	for	different	chemical	compounds,	the	wavelengths	
of	the	peaks	can	indicate	which	atomic	and	molecular	species	are	present	in	the	plasma	jets.	Figure	3.3	
shows	the	emission	spectrum	scoped	within	the	300	to	420	nm	wavelength	range.	
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Figure	3.3:	Optical	emission	spectrum	of	the	microplasma	jet	array	from	300	to	420	nm	wavelength.	
	
From	Figure	3.3,	there	exists	an	intense	peak	at	309	nm.	The	309	nm	peak	indicates	the	presence	
of	OH	radicals,	which	is	a	strong	oxidizing	agent	that	is	present	during	cell	death	[8].	Zhang	et	al.	performed	
an	experiment	using	a	plasma	needle	to	treat	cancerous	liver	cells	and	argued	that	O	and	OH	radicals	are	
the	active	chemical	species	for	utilizing	low-temperature	plasmas	to	ablate	cells	[8].	
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3.3	Images	of	the	Plasma	Jet	
	
	
Figure	3.4:	Photographic	image	of	a	5x5	array	of	plasma	jets;	the	left	image	shows	the	jets	with	helium	
as	the	gas	feedstock;	the	right	image	shows	the	jets	with	argon	as	the	gas	feedstock.	
	
3.4	Inactivation	Pattern	of	Escherichia	Coli	
	 Inactivation	testing	using	the	microplasma	jet	array	was	performed	on	a	petri	dish	containing	a	
lawn	of	E.	coli.	Results	from	the	treatment	are	highlighted	in	Figure	3.5.	
	
	
Figure	3.5:	Left	image	shows	an	untreated	lawn	of	E.	coli;	right	image	shows	the	same	lawn	after	5	s	of	
treatment	with	the	5x5	plasma	jet	array;	the	device	was	applied	with	a	4	kV	peak-to-peak	AC	voltage	
and	the	flow	rate	of	was	5.4	slm.	
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4.	Conclusions	
	 The	microplasma	jet	array	presents	a	novel	approach	for	bacterial	inactivation.	Previous	literature	
has	 shown	the	 jet	array	 inactivate	a	 lawn	of	E.	 coli	within	 seconds	of	 contact	 to	 the	 jet.	The	 jet	array	
structure	presented	in	this	report	furthermore	presents	the	possibility	of	plasma	excitation	using	air	as	
the	gas	feedstock.	Excitation	using	air	is	a	significant	advantage	compared	to	the	jet	arrays	demonstrated	
in	past	literature	due	to	the	gas	environmental	availability	on	Earth.	However,	further	results	and	tests	
must	be	collected	to	conclude	this	capability.	
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